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I. 


INTRODUCTION 


The  primary  objective  of  this  program  was  to  develop  a bench-type 
laboratory  system  to  demonstrate  the  capability  of  the  magnetic  perturbation 
inspection  method  for  detecting  flaws  in  artillery  projectiles.  A photo- 
graph of  a projectile  is  shown  in  Figure  1'.  Complete  inspection  of  the 
inside  and  outside  surfaces  and  reliable  detection  of  flaws  oriented  in  either 
the  circumferential  or  longitudinal  directions  with  major  dimensions  of 
0.  050 -in.  long  x 0.015-in.  deep  or  larger  is  desired.  Flaws  of  interest 
are:  cracks,  seams,  cold  shuts,  splits  and  inclusions.  Additionally,  the 
bench-type  system  should  demonstrate  magnetizing  techniques,  scanning 
mechanisms  and  signal  processing  methods  capable  of  performing  inspec- 
tions at  a rate  of  several  projectiles  per  minute. 

Two  existing  laboratory  systems  were  modified  to  accommodate  the 
155mm  projectiles  and  to  provide  the  scanning  capability  required  for 
inspecting  the  areas  of  interest  on  the  inside  and  outside  surfaces.  One 
of  these  systems,  provided  axial  magnetization  for  maximum  sensitivity 
to  circumferentially  oriented  defects  and  the  other  provided  circumferen- 
tial magnetization  which  provides  maximum  sensitivity  to  axially  oriented 
defects . 

After  completion  of  these  equipment  modifications,  and  the  design 
and  evaluation  of  promising  probe  configurations,  inspections  were  per- 
formed on  the  ten  (10)  projectiles  supplied;  both  axial  and  circumferential 
magnetization  directions  were  utilized.  These  inspections  covered  in 
excess  cf  90%  of  the  total  projectile  inside  and  outside  surface  areas. 

Time  required  for  complete  inspection  of  a projectile  was  approximately 
2 minutes;  by  using  inside  and  outside  probes  simultaneously  the  inspec- 
tion could  be  accomplished  in  approximately  30  seconds. 

An  analysis  of  the  inspection  records  was  completed  and  metallur- 
gical sectioning  was  performed  at  several  selected  sites.  Results  of  these 
sectioning  investigations  disclosed  either  cracks  or  inclusions  at  all 
sectioning  locations.  Prominent  examples  of  signatures  and  associated 
cracks  are  presented  in  Figure  2.  Note  that  most  of  the  signatures  are 
observed  for  several  revolutions,  and  since  the  probe  is  advanced  0.  1-in.  / 
rev.  the  axial  extent  of  the  cracks  can  be  determined  easily.  A more 
detailed  analysis  of  these  and  other  results  will  be  presented  later. 

An  overall  analysis  indicates  that  the  magnetic  perturbation  method 
can  provide  a reliable,  high  speed,  high  sensitivity  approach  for  an  auto- 
mated nondestructive  examination  to  ensure  material  integrity  of  artil- 
lery projectiles.  Subsequent  sections  of  this  report  will  present  details 
on  which  the  above  forecast  is  based. 

^These  particular  projectiles  were  selected  because  of  their  availability  from 
a prior  program  in  which  they  were  part  of  a group  inspected  ultrasonically 
and  rejected  at  the  Iowa  Army  Ammunition  Plant. 
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SPECIMEN  3.  LOT  2-12  INSPECTION  RECORD  WITH  PHOTOGRAPHS  OF  SECTIONING 


II. 


DESCRIPTION  OF  METHOD 


The  magnetic  perturbation  inspection  method  essentially  consists 
of  establishing  a magnetic  flux  in  a ferromagnetic  material  and  then 
scanning  ihe  surface  of  the  material  with  a sensitive  magnetic  probe  to 
detect  anomalies  or  perturbations  caused  in  the  flux  by  nonhomogeneities 
in  ferromagnetic  material.  Figure  3 schematically  illustrates  this  con- 
cept. Physically,  this  is  a problem  in  magnetostatics  and  analyses  of 
solutions  have  provided  guidance  for  optimizing  conditions  and  forecasting 
results.  Li  the  upper  illustrations,  flux  is  assumed  to  be  directed  from 
right  to  left,  and  computer  plots  of  signatures  obtained  under  these  condi- 
tions from  nonferromagnetic  regions  or  flaws  .re  shown  in  the  two  lower 
illustrations.  The  characteristic  shape  of  the  signatures  are  dependent 
on  the  magnetic  field  component  which  is  sensed  by  the  probe.  For  the 
upper  signatures  the  probe  is  oriented  to  sense  the  component  normal  to 
the  applied  field  and  the  scan  is  in  the  direction  of  the  applied  field.  For 
the  lower  signatures  the  probe  is  oriented  to  sense  the  component  in  the 
direction  of  the  applied  field  and  the  scan  is  in  a direction  normal  to  the 
applied  field.  Other  configurations  are  possible  and  selection  is  based  on 
analysis  of  the  specific  inspection  of  interest. 

Analysis  of  characteristic  signatures  provides  considerable  quanti- 
tative information  concerning  the  perturbation  source.  For  example, 

(in  the  upper  signature  of  Figure  3),  quantities  that  can  be  derived  include: 

a)  flaw  location  - coincides  with  the  zero  crossing 

b)  flaw  volume  - indicated  by  peak-to-peak  amplitude 

c)  flaw  depth  from  surface  - related  to  the  peak-to-peak 
separation  measured  in  the  direction  of  the  applied  field 

Extensive  experimental  results  show  general  agreement  with  many  details 
predicted  by  theory  and  also  have  confirmed  that  the  method  provides 
escellent  qualitative  and,  after  calibration,  quantitative  results.  For 
example,  in  Figure  4 data  obtained  from  a small  fatigue  crack  show  a 
linear  relationship  between  crack  opening  displacement,  COD,  and  sig- 
nal amplitude. 

Application  of  the  magnetic  perturbation  method  to  the  155mm  pro- 
jectiles is  schematically  illustrated  in  Figure  5.  For  maximum  sensitivity 
to  flaws  with  the  major  dimension  oriented  along  the  axial  direction,  a 
circumferential  magnetic  flux  is  provided.  Under  these  conditions  and  with 
a scan  path  which  is  essent’ally  circumferential,  but  continuously  advanced 
during  each  revolution  (a  tight  helical  scan)  characteristic  normal  component 
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FIGURE  3.  SCHEMATIC  REPRESENTATION  OF  MAGNETIC  PERTURBATION 
METHOD  AND  COMPUTER  PLOTS  OF  SOLUTIONS-SIGNATURES 
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PRINCIPAL  COMPONENT  AMPLITUDE  VERSUS 
CRACK  OPENING  DISPLACEMENT  (COD)  AT 
CENTER 


6 


Normal  (Y)  Component  Signatures  Parallel  (X)  Component  Signatures 

Circumferential  Magnetization 

R A rx 


Normal  (Y)  Component  Signatures  Parallel  (X)  Component  Signatures 

Axial  Magnetization 


FIGURE  5.  SCHEMATIC  SHOWING  DERIVATION  OF 
MAGNETIC  SIGNATURES 


and  parallel  component  signatures  obtained  from  two  different  size  flaws 
are  illustrated.  The  normal  component  of  magnetic  flux  is  produced  by 
the  flaw  and  on  one  side  the  flux  is  forced  out  of  the  surface  and  on  the 
other  side  must  be  forced  back  into  the  surface  since  flux  must  be  con- 
tinuous. Accordingly,  a signature  is  generated  that  has  an  upward 
directed  component  which  peaks  and  returns  to  zero  with  the  zero 
crossing  coincident  with  the  flaw  location  and  then  a downward  directed 
component  which  peaks  and  then  returns  to  zero.  In  the  illustration  sig- 
natures obtained  on  successive  scans  provide  an  indication  of  the  length 
of  the  flaw  in  the  axial  direction.  Note  that  signature  A extends  over  a 
greater  axial  direction  than  B.  For  the  parallel  component,  the  signature 
is  essentially  unidirectional  and  is  generated  by  the  increase  in  flux  den- 
sity as  the  flaw  forces  flux  out  into  the  region  above  the  projectile  surface. 

With  axial  magnetization  and  the  probe  oriented  to  sense  the  normal 
component  and  a circumferential  scan  path  slightly  to  the  left  of  flaws  A 
and  B,  the  outwardly  directed  component  of  flux  produced  by  the  flaw 
generates  a signature  which  rapidly  rises  to  a peak  and  then  returns  to 
zero;  when  the  path  is  slightly  to  the  right  of  flaws  A and  B,  the  inwardly 
directed  component  is  sensed  and  produces  the  corresponding  downward 
signatures  A and  B.  When  the  parallel  component  is  sensed,  the  increase 
in  flux  above  the  surface  of  the  projectile  causes  a corresponding  rapid 
increase  in  signature  which  peaks  and  then  returns  to  the  baseline. 

Examples  of  inspection  records  illustrating  the  above  signature 
characteristics  and  sequences  will  be  reviewed  later. 
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lU. 


ADAPTATION  OF  INSPECTION  EQUIPMENT 


As  stated  in  the  Introduction,  two  separate  magnetic  orientations 
were  used  for  the  inspections.  This  necessitated  tooling  and  modification 
of  two  existing  laboratory  devices. 

A.  Circumferential  Magnetic  Orientation 

For  the  circumferential  magnetic  orientation,  a lathe-type 
device  was  modified  to  provide  helical  scanning  of  the  projectile  surfaces. 
This  was  accomplished  by  designing  a carriage  to  support  the  magnetic 
circuit  and  the  probes  which  could  be  moved  in  an  axial  direction  as  the 
projectile  was  rotated  by  a modified  lathe  chuck.  Figure  6 shows  an 
overall  view  of  the  lathe  device  and  associated  instrumentation.  A helical 
scan  of  0.  1 -in.  /rev.  was  achieved  by  using  the  lead  screw  on  the  lathe 
device.  Probe  position  information  was  provided  through  the  use  of  a 
shaft  encoder  coupled  to  the  main  spindle  of  the  lathe.  The  magnetizing 
arrangement  consisted  of  two  electric  coils  with  iron  cores  and  return 
paths,  and  movable  pole  pieces.  The  pole  piece  design  incorporated  a 
four-bar  linkage,  which  together  with  roller  followers  in  the  nose  of  the 
pole  pieces  that  roll  on  the  projectile  surface,  allows  the  pole  pieces  to 
follow  the  contour  of  the  projectile.  In  th’ s modified  lathe  device,  it  was 
also  necessary  to  design  and  fabricate  a centering  support  for  the  nose  of 
the  projectile  to  counteract  the  large  magnetic  forces  caused  by  the  mag- 
netizing arrangement.  The  support  was  also  designed  to  accommodate 
insertion  of  the  probes  for  interior  scan  of  the  projectiles.  Figures  7 
and  8 are  close-up  views  of  the  pole  piece  camming  operation  and  the 
probes  at  two  different  locations  on  the  projectile.  Figure  9 is  a photo- 
graph with  a cut-out  segment  of  a projectile  to  illustrate  the  probe 
arrangement  for  scanning  the  interior  surfaces.  A rectangular  wire  coil 
induction  type  probe  with  an  orientation  to  sense  the  normal  component  of 
magnetic  flux  was  designed  for  the  circumferential  magnetization  arrange- 
ment. Previous  experience  indicated  that  a coil  length  of  0.050-in. 

(1.  27mm)  would  provide  high  resolution  consistent  with  the  contractual 
requirement  for  detectability  of  a minimum  flaw  size  of  0.050-in.  (1. 27mm) 
long  by  0.015-in.  (0.38mm)  deep.  Two  probes,  side  by  side,  were  used 
to  effectively  cover  a strip  0.  1 -in.  wide  each  revolution,  thereby  per- 
mitting a relatively  fast  axial  traverse  of  the  projectile.  (Additional 
instrumentation  channels  and  probes  could  permit  an  even  wider  scan  per 
revolution  and  a corresponding  increase  in  axial  traverse  speed.)  Rota- 
tional speed  was  approximately  190  rpm  and  total  time  to  scan  the  projectile 
was  45  seconds. 

Because  of  the  compound  curves  encountered  on  the  projectile, 
it  is  necessary  that  a probe -carriage  and  suspension  be  designed  which 
will  allow  the  probe  to  follow  the  projectile  contours  while  maintaining 
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FIGURE  8.  LATHE  DEVICE  SHOWING  PROBE  MECHANISM  FULLY 
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close  coupling  to  the  surface.  Figure  10  shows  two  views  of  the  probe 
assembly.  In  operation,  the  probe  assembly  is  free  to  pivot  and  main- 
tain the  assembly  parallel  with  the  inspection  surface  as  the  contour 
changes  from  the  base  end  to  the  nose  end  of  the  projectile. 

B.  Axial  Magnetization 

For  the  axial  magnetization  orientation,  an  existing  special- 
design  magnetic  scanning  device  was  modified  to  provide  for  specimen 
rotation  and  helical  scan.  An  overall  view  of  the  equipment  arrangement 
is  presented  in  Figure  il.  Axial  magnetization  is  provided  by  the  en- 
circling electric  coil  and  both  the  probe  and  magnetizing  coil  are  fixed 
with  respect  to  the  equipment  support  structure.  The  projectile  and 
rotating  mechanism  are  mounted  on  a carriage  supported  by  ball -bushings 
and  tracks,  thereby  permitting  the  projectile  to  be  moved  through  the 
magnetizing  coil.  A complete  scan  of  the  projectile  is  accomplished  by 
synchronizing  the  rotational  speed  with  the  axial  motion  of  the  carriage, 
thereby  providing  a helical  scan.  Close-up  views  showing  exterior  inspec- 
tion at  two  different  locations  on  the  projectile  are  shown  in  Figures  12 
and  13.  The  same  probe-support  arrangement  is  used  for  the  inside 
inspection  (see  Figure  8). 

Probe  design  for  the  axial  magnetization  using  helical  scan 
required  a different  probe  coil  orientation  than  was  used  in  the  case  of 
circumferential  magnetization.  The  coil  was  oriented  with  the  axis 
parallel  to  the  projectile  and  magnetization  axis  and  therby  sensed  the 
magnetic  field  component  which  was  parallel  to  the  projectile  surface. 

With  this  configuration  it  was  necessary  to  use  five  side-by-side  coils 
to  cover  a scan  path  0.  1 -in.  wide /rev.  This  probe  arrangement  resulted 
in  excellent  sensitivity  to  transversely  oriented  flaws  in  the  size  range  of 
interest. 

C.  Base  Region 

Figure  14  is  a photograph  of  the  arrangement  for  inspecting 
the  outside  surface  of  the  base  region.  With  this  arrangement  the  pro- 
jectile is  rotated  and  the  probe  is  moved  across  the  base  causing  a spiral 
scan.  Movement  in  the  horizontal  direction  and  then  in  the  vertical  dirci  - 
tion  provides  a method  for  examining  flaws  in  flux  orientations  approximating 
two  directions  over  much  of  the  base.  A Hall-effect  probe  is  used  to  elirni- 
j nate  the  influence  of  velocity  on  the  signatures. 
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FIGURE  10.  PROBE  CARRIAGE  WITH  PROBE  AND  PROBE  SUSPENSION  INSTALLED 
(Note,  manifolds  for  air  cushion  coupling) 
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FIGURE  13.  PROBE  CARRIAGE  IN  OGIVE  AREA  iLi.na  R.i-d  Devi 
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D. 


Reference  Specimen 


For  preliminary  evaluations  and  to  provide  a reference 
specimen  which  could  be  used  from  time  to  time  to  ensure  that  the  equip- 
ment was  operating  properly,  targets  or  test  flaws  were  machined  in  the 
exterior  and  interior  surfaces  of  a projectile.  A schedule  of  these  defects 
is  shown  in  Figure  15.  The  range  of  sizes  included  flaws  both  larger  and 
smaller  than  the  specified  0.050-in.  long  by  0.015-in.  deep. 
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2.  54mm  L x 0.  1 52mm  W x 0.  38 1 mm  D 
(0.  100  in.  X 0.  006  in.  x 0.  01  5 in.  ) 


* 1.  27mm  L,  x 0.  1 27mm  W x 0.  254mm  D 

(0.  050  in.  X 0.  005  in.  x 0.  010  in.  ) 

0.  76mm  L x 0.  1 27mm  W x 0.  1 27mm  D 
(0.  030  in.  X 0.  005  in.  x 0.  005  in.  ) 1 


Scan  Direction 


Axial  Magnetization  Direction 


Circumferential  Magnetization  Direction 
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FIGURE  15.  DEFECT  SCHEDULE  AND  ORIENTATION 
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IV. 


DATA  ACQUISITION,  ANALYSES  AND  RESULTS 


Subsoqueni  to  the  modification  of  equipment,  fabrication  of  probes 
and  machining  of  target  flaws  in  the  reference  specimen,  a number  of 
experiments  were  conducted  and  a total  of  ten  projectiles  was  inspected. 
Inspection  records  were  comprehensively  reviewed  and  signature  infor- 
mation catalogued.  Selected  signature  regions  were  analyzed  to  select 
candidates  for  mc-tallurgical  investigations  to  establish  correlation  between 
signatures  and  sources.  A correlation  between  magnetic  particle  indi- 
cations, magnetic  perturbation  signatures,  and  interior  cracks  was  also 
establi .shed.  These  elements  of  the  program  are  presented  in  th/*  following 
sections. 

A.  Experiments  Conducted  on  Reference  Specimen 

Numerous  experiments  were  conducted  on  the  reference  speci- 
men to  optimize  magnetizing  conditions  and  probe  configurations  and  to 
verify  detection  capability.  Selected  results  from  these  experiments  will 
be  reviewed  in  the  following.  Depending  on  the  experiment  being  conducted, 
data  were  presented  on  an  oscilloscope  and  recorded  by  means  of  a Polaroid 
camera,  directly  recorded  using  a Visicorder  or  an  FM  multi-channel 
magnetic  tape  recorder  or  combination  of  these  methods.  The  Polaroid 
photographs  and  the  Visicorder  records  were  used  for  visual  interpretation 
and  analysis  and  the  tape  recorder  records  were  used  for  electronic  data 
processing  investigations. 

Figure  16  is  a schematic  illustrating  the  magnetic  field 
arrangement  and  recording  sequence;  as  indicated  earlier,  a tight  helical 
scan  arrangement  is  utilized  and  the  shaft  encoder  generates  a square 
wave  marker  each  revolution;  helical  advance  during  each  revolution  is 
0.  1 -in.  The  Visicorder  record  shows  nearly  four  complete  scans  and  it 
is  apparent  that  .-everal  of  the  test  flaws  are  detected  on  at  least  two  scans 
and  the  third  scan  shows  a signature  from  only  the  largest  flaw.  With  this 
arrangement,  a flaw  with  a dimension  extended  along  the  axial  direction 
would  produce  a signal  each  time  that  region  is  in  the  vicinity  of  the  probe 
on  successive  revolutions.  Accordingly,  it  is  possible  to  readily  estimate 
the  extent  of  the  flaw. 

Figure  17  shows  Polaroid  photographs  of  normal  (Y)  com- 
ponent signatures  obtained  using  circumferential  magnetization  and  a 
circumferential  scan  p>ath  containing  the  target  flaws  in  the  reference 
specimen.  The  upper  illustration  shows  two  complete  revolutions  (the 
helical  advance  was  not  used)  and  the  lower  photograph  was  obtained  at 
an  expanded  horizontal  sweep  to  reveal  the  characteristic  signature  fea- 
tures. (This  is  configuration  A of  Figure  5.)  The  largest  signatures  are 
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FIGURE  16.  SCHEMATIC,  ILLUSTRA  TING  MAGNETIC  FIELD  ARRANGEMEN  T 
AND  RECORDING  SEQUENCE 
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obtained  from  flaws  1,  4 and  7,  since  these  are  oriented  with  the  major 
dimension  perpendicular  to  the  flux.  Flaws  2,  5 and  8 which  are  oriented 
at  an  approximate  angle  of  45°  to  the  flux  direction  produced  significantly 
lower  signal  amplitudes  and  also  the  peak  separation  is  more  extended 
than  for  the  flaws  1,  4 and  7.  For  flaws  3,  6 and  9,  oriented  at  90°  to  the 
flux,  signature  amplitude  is  markedly  reduced  and  peak  separation  is 
greatly  exaggerated  compared  to  the  normally  oriented  flaws.  Visicorder 
records  from  the  two  side-by-side  coils  produced  by  the  same  series  of 
flaws  are  shown  during  a spiral  scan  in  the  lower  records  of  Figure  18. 

Note  the  change  in  relative  signal  amplitudes  from  specific  flaws  as  the 
spiral  scan  progresses.  The  upper  records  show  signatures  from  a 
sequence  of  target  flaws  fabricated  into  the  interior  surface  of  the  re- 
ference specimen.  Polaroid  records  showing  normal  (Y)  component 
signatures  from  the  target  flaw  sequence  with  axial  magnetization  and  a 
circumferential  scan  (configuration  C of  Figure  5)  are  presented  in 
Figure  19.  In  this  case  the  largest  amplitude  signatures  are  obtained 
from  the  flaws  oriented  at  45°  to  the  magnetic  flux  and  the  scan  path. 

Note  for  flaws  oriented  parallel  to  the  flux  direction  that  the  signature 
polarity  reverses,  depending  on  which  side  of  the  flaw  the  scan  path 
traverses.  This  is  apparent  by  comparing  the  signatures  on  probe  coil  1 
with  probe  coil  2 obtained  from  target  flaws  1,  3,  4,  6,  7 and  9. 

Horizontal  (X)  component  signatures  obtained  from  the  tar- 
get flaws  using  axial  magnetization  are  presented  in  Polaroid  photographs 
and  Visicorder  records  respectively  in  Figures  20  and  21  (configuration 
D of  Figure  5). 

B.  Projectile  Inspections 

A total  of  ten  projectiles  were  provided  by  the  Government 
for  use  on  this  program.  These  specimens  were  part  of  a group  previously 
inspected  ultrasonically  and  rejected  at  the  Iowa  Army  Ammunition  Plant. 
Accordingly,  it  was  anticipated  that  most  of  the  projectiles  would  contain 
one  or  more  flaws.  Eight  of  the  ten  projectiles  were  inspected  on  both  the 
exterior  and  interior  Bourellet  and  Ogive  surfaces,  while  two,  specimen 
Nos.  19  and  40,  Lot  2-9A,  were  inspected  on  the  exterior  surfaces  only. 
Visual  examination  indicated  that  these  two  specimens  contained  large, 
sharp  projections  on  the  interior  surfaces  which  could  possibly  have 
damaged  the  probes  in  the  present  configuration. 

For  the  circumferential  flux  orientation,  two  data  channels 
were  used  and  one  channel  was  used  for  probe  position  information  pro- 
vided by  the  shaft  position  encoder.  For  the  axial  flux  orientation,  five 
inspection  data  channels  were  used  and  one  channel  for  probe  position 
information. 
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EXTERNAL  INSPECTION 
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F IGURE  ^8.  STANDARD  SF^ECIMEN  ( Ci rcumferontial  Magnetization) 
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P robo  Coil  H 1 


FIGURE  19.  AXIAL  MAGNETIZATION  - NORMAL  (Y)  COMPONENT 

SIGNATURES  OBTAINED  FROM  REFERENCE  SPECIMEN 
(Two  coil  probe) 
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FIGURE  lb. 

Coil  #2  S<an 

FIGURE  20.  AXIAL  MAGNETIZATION-PARALLEL  (X)  COMPONENT 
SIGNATURES  OBTAINED  FROM  REFERENCE  SPECIMEN 
(Fivp  Coil  Probo)  28 


EXTERNAL  SCAN 
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FIGURE  21.  STANDARD  SPECIMEN  (Axial  Magnetization) 
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In  most  cases,  numerous  signatures  were  obtained  from 
the  exterior  and  interior  surfaces  under  each  condition  of  magnetization, 
i.e.  , ci  rcumfe  rential  and  axial.  Visicorder  records  from  all  ten  speci- 
mens Were  analyzed  and  all  prominent  signatures  with  a peak  amplitude 
to  baseline  ratio  greater  than  3:1  were  tabulated  along  with  the  corresponding 
distance  in  inches  from  the  start  of  the  inspection  run.  Results  of  these 
analyses  are  presented  in  Table  I.  In  many  instances  there  is  a correla- 
tion between  the  signatures  obtained  on  the  circumferential  and  axial 
orientations. 


TABLE  I 


2-8 


2-9A 


Signature 

Location 

Exterior  Scan 

Interior 

Scan 

Magnetization 

Magnetization 

Circumferential 

Axial 

Circumferential 

Axial 

Normal  (Y) 

Parallel  (X) 

Normal  (Y) 

Parallel  (X) 

Spec. 

Component 

Component 

Component 

Component 

16 

0.  2-0.4 

0.  3-0.  4 

2.  5-2.  8 

2.  3-2.  6 

1 1 

5.  0-5.  7 

5.  2-5.  8 

3.  0-3.  2 

2.  8-3.  0 

1 1 

6.  2 

16. 0-17.  1 

4.  8-5.  1 

4.  8-5.  8 

1 1 

6.  5 

7.  3-7.7 

6.  3-6.4 

t T 

8. 1-8. 3 

8.  4-8.  8 

6. 7-7. 5 

t 1 

14.  1-14.  2 

9.  9-10.  4 

10. 1-10. 3 

1 1 

1 t 

1 1 

15.  4-16.  2 

11.8-12.  2 

12.  3-12.  6 
14.4-15.  2 
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1.9-2.  I 

4.  4-4.  7 

5.  5-5.  9 

6.  1-6.  5 

8.  1-8.9 

9.  7-10.  1 

8.  2-8.  6 

10. 5-10. 8 

11.  2 

40 

2.  0-2.  2 

8.  0-End 

None 

3 

2.  0-2.  8 

1.  5-1. 6 

1. 8-1. 9 

0.  5-0. 8 

5.9-6.4 

5.  4-5.  6 

4.  2-4. 5 

1.  1 -1. 2 

M 

7.  1-7.4 

5.  7-6.  8 

5. 6-5. 7 

1. 6-i.  7 

It 

13.  6-14. 5 

7.  8 

6. 0-7. 0 

1.  q-2. 0 
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Signature 

Location 

Exterior 

Scan 

Interior 

Scan 

Magnetization 

Magnetization 

Ci  rcumf  e r ential 

Axial 

Ci  rcumf  e r ential 

Axial 

Normal  (Y) 

Parallel  (X) 

Normal  (Y) 

Parallel  (X) 

Spec, 

Component 

Component 

Component 

Component 

3 

8, 5-8. 8 

2,  2-5.  0 

t 1 

10.  6-11.9 

5.  6 -8. 6 

» 1 

12,  1-15.4 

8.  8-10.  3 

« t 

10.  5- 10. 7 

t 1 

12.  1 -15.  4 

10 

0.  8-1. 0 

1.  2-1. 7 

2.  1 -2.  2 

3.  5-4. 0 

t ( 

3.  5-4. 5 

3.  6-4.  1 

2.  4-2.  6 

4. 1 -4. 4 

t t 

10.  0-10.  6 

4.  8-4.  9 

3.  6-3. 7 

6.  0-6.  3 

t 1 

11.3-11.7 

11.5-11.6 

10.  3-10.  4 

6. 9-7. 3 

1 1 

14. 0-17, 2 

13. 2-13. 6 

11.0-11,2 

9. 7-9. 8 

1 1 

14.  9 

12.7-13.  1 

10.  4- 1 1. 8 

t 1 

14. 3-14, 4 

12.  0-13.  0 

30 

2.  3-2.  8 

No 

6.  1 -6. 7 

4.  2-4. 6 

1 1 

6.  0-6.  3 

Outstanding 

11.0-11.6 

8.  5-8. 9 

1 1 

7.  1-7, 4 

Signal  s 

14. 8-15. 4 

11.  3-12.0 

t « 

1 • 

8.  2-9. 7 

13.  6-14.4 

1 1 

1 5.  6-16,  4 

2S 

1.  6-1.7 

5.  8-6.  3 

Too  numerous  to  catalog 

1 t 

3.  3-4.  3 

15.  2-15.  3 

both  circumferential  and 

1 1 

4.  0-4. 2 

axial 

I 1 

15,  1-15.  3 
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1.  2-1, 3 

No 

1. 4-1. 5 

1.  3-1. 4 

t» 

4.  1 -4. 2 

Out  sta  nding 

2.  7-3.  9 

2.  2-2.  6 

1 t 

9.  0-9.  1 

Signal  s 

4.  1 -5. 8 

2.  8-3.  8 

! t 

10.  7-10.  8 

1 t 

1 2.  9-13.  0 

1 1 

17.  1-17.2 

35 

No  outstanding 

5.  5-5.9 

7.  1 -7. 3 

0.  3-0.  5 

1 1 

signals  except 

7.7 

2.  4-3.  0 

1 1 

broad,  low  am- 

8.3 

3. 3-3. 9 

r t 

plitude  signal 

9.8 

4.  6-4.9 

1 1 

from  10.  0 to 

14.  8-15.  0 

6.  4-6.6 

end  of  run 

7.  2-8. 2 

10.  4-10.  7 
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Signature  Location 


Lot  No.  Spec. 


Exte rior  Scan 

Magnetization 

Circun.ferential  Axial 
Normal  (Y)  Parallel  (X) 

Component  Component 


Interior  Scan 


Magnetization 


Circumfe  rential 
Normal  (Y) 
Component 


Axial 

Parallel  (X) 
Comporient 


2-14  37 


3.  0-3.  1 
3.  9-4.  1 
8.  2 

8.  2 to  end 
broad  signal  with 
maximum  ampli- 
tude between 

15.4-16.9 


4.  2-4. 3 

5.  5-5.  9 

6.  1-6.  2 

8.  4-8. 5 


15.3-15.4  Mostly  broad 
cyclic  signals 
from  beginning 
to  end  of  run. 
Probable 
material 
anomalie. 


Subsequent  to  cataloguing  the  foregoing  data,  Specimens  3,  10 
and  30,  Lot  2-12,  were  selected  as  candidates  for  metallurgical  sectioning, 
because  of  the  wide  range  of  defect  signature  sizes  obtained  from  these 
specimens  during  the  inspections.  Since  analyses  indicated  the  most 
prominent  signatures  from  the  inspections  obtained  with  circumferential 
magnetization  normal  (Y)  component  conditions,  most  of  the  sectioning 
candidates  were  from  such  signatures.  These  three  specimens  were  re- 
inspected at  selected  locations  to  more  completely  categorize  the  defect 
signatures  and  were  marked  for  sectioning  at  a total  of  1 2 candidate  sites, 
of  the  12  Selected  candidate  sites  which  were  extensively  examined  mag- 
netically, seven  locations  were*  investigated  metallu rgically , one  location 
by  plastic  replication,  and  four  by  magnetic  particle  to  establish  possible 
correlation  between  signatures  and  flaws.  In  each  instance,  either  an 
inclusion,  metallurgical  anomaly,  or  crack  was  revealed. 

C.  Metallurgical  Sectioning  Investigations  and  Other  Correlations 

Two  signature  regions  from  Specimen  No.  30  were  investigated. 
One  of  these  signatures  occurred  in  the  Bourellet  section  between  2.  1 and 
2.9  inches  from  the  start  of  the  exterior  inspection  run.  Segments  of  the 
records  from  the  two  side-by-side  coils  obtained  with  circumferential  flux 
normal  (Y)  component  inspections  are  shown  in  Figure  22  along  with  a 
photograph  of  the  metallurgical  sectioning  results.  An  analysis  of  the  upper 
record  shows  a small  signature  at  approximately  2.  8-in.  , increasing  to  a 
large  amplitude  signature  at  2.7  and  2.6-in.  , then  gradually  decreasing  to 
a small  signature  at  2.  2-in.  Metallurgical  investigation  disclosed  a stringer 
type  inclusion  located  approximately  0.015-in.  below  the  exterior  surface 
and  extending  axially  for  approximately  0.  25-in.  This  stringer  probably 
extends  somewhat  more  than  shown  in  the  photograph  based  on  extent  of  the 
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sign.itureri.  I’h*'  Dthrr  signature  location  investigated  on  S|)e(imen  No.  iO 
was  in  tile  0>iiv«>  region  bi'tweeti  H.  4 and  from  the  start  of  the 

exterior  inspei  tion  run.  Inspection  records  from  t hi'  two  si  de -by  - sidi- 
ioilt^  and  a pliotogiaiph  of  (he  nii'taJ  J u rgi  caJ  sertioiiing  results  are  shown 
in  F'lgure  Zi.  The  st  ringe  r -ty  pe  inclusion  was  approximately  0.006-in. 
below  the  exterior  surface  anti  the  exposed  length  extends  .ipproximately 
0.  SS-in.  in  the  axial  tlirection. 

I’w'o  signature  locations  from  Specimen  No.  10  wert'  investi- 
gated. One  of  these  was  in  the  Ogive  region,  bt'twi'en  16.0  and  16.  9-in. 
from  the  start  of  the  extt'rior  inspection  run.  Figure  24  shows  the  inspei  titin 
records  with  Very  prominent  signatures  along  with  a photograph  obtained 
during  the  metallurgical  sectioning  st'queiice.  The  sectioning  investigation 
disclosed  a long,  st  ringe  r - type  inclusion  which  c'Xtends  for  approximately 
1.0-111.  along  the  axial  dirc'ction  and  ranges  from  approximately  O.OZO-in. 
to  approximately  0.06-in.  below  the  exti'rior  surface.  Dashed  lines  in  the 
illustration  indicate  the  extent  of  the  inclusion.  Specimen  10  was  also 
investigatc’d  at  an  axial  flux  parallel  (X)  component  signature-  location  in 
the-  Rouia-llet  section  bc-twe-en  5.6  and  4.  1-in.  from  the  start  of  the-  c-xterior 
inspection  run.  Records  from  the  four  probe  coils  (1  channel  of  the-  Visi- 
corder  gal  veiiometc- rs  was  not  functioning)  along  with  a photograph  (edge- 
view,  etchc-d)  obtainc-d  during  the-  metallurgical  sec  tioning  sc-queiicc-  arc- 
presc-ntc-d  in  Figure  ZS.  The  metallurgical  investigation  disclosc-d  a 
St  ri  ngc- r -ty  pe  inclusion  which  c^xtends  for  approximately  1-in.  in  the-  axial 
direc  tion  and  a pproxiiriatel y 0.01  5-in.  wide-  (circumferentially)  by  0.  OOfi-in. 
thick  (radially),  extending  approximate-ly  paralle-l  to  the  surface-  and  located 
approximately  O.OlZ-in.  be-low  tile  exte-rior  surface. 

Specime-n  No.  3 was  metallurgically  investigated  at  three- 
signature-  locations  obtained  during  an  interior  e i re  umfere-ntial  flux  orie-n- 
tation  normal  (Y)  component  scan.  The  records  in  Figure-  Z6  and  Z7  show 
Several  promine-nt  sigiratures  marked  A,  B,  C,  D,  E,  and  F that  are- 
locate-d  in  the-  Ogive-  region  between  14.  3 and  15.  7 -in.  from  the  start  of 
the-  magiie-tie  inspe-e  tion  run. 

Cracks  associated  with  signatures  A,  B and  C arc-  shown  in 
the  me-tallu rgical  sectioning  vie-ws.  Crack  A was  approximately  0.015-in. 
dec-panel  e-xte-nde-d  through  one-  e-dge-  of  ey  li  nd  ri  cal  specime-n.  Crack  B was 
approximate-ly  0.045-in.  de-ep  and  c-xte-nded  througli  both  edge-s  of  tile- 
cylindrical  se-ction.  Analysis  of  the  re-cords  indie  ate-s  that  it  e-xte-nds  for 
app ro.ximate-1  y 1 -in.  beyond  the-  se-ction  toward  the-  Bourellet  region  and 
also  e-xte-nds  into  the  Ogive  region.  Crack  C is  ajip ro.ximately  0.0Z5-in. 
deep  and  also  e-xtends  beyond  e-ach  e-dge-  of  the  cylindrical  se-ction. 
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FIGURE  23.  MAGNETIC  SIGNATURE  AND  SECTIONING  RESULTS  - SPECIMEN  NO.  30,  LOT  2-12 


FIGURE  2 4.  MAGNETIC  SIGNATURE  AND  SECTIONING  RESULTS  - SPECIMEN  NO.  10.  LOT  2-12 
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FIGURE  25.  AXIAL  TRACE.  SECTIONING  RESULTS  - SPECIMEN  NO.  10,  LOT  2-12 


FIGURE  26.  MAGNETIC  PERTURBAriON  INSPECTION  RECORD  WITH  PHOTOGRAPHS  OF 
SEVERAL  SIGNATURES  AND  ASSOCIATED  CRACKS  CONFIRMED  BY 
METALLURGICAL  SEC  HONING  (Sppcimon  3.  Lot  2-12) 


FIGURE  27,  CONTINUATION  OF  MAGNETIC  RECORD  OF  FIGURE  2b 


The  Ogive  end  of  Specimen  No.  3 was  also  investigated  using 
the  magnetic  particle  inspection  method.  A photograph  of  the  indications 
is  shown  in  Figure  2.8.  Several  cracks  are  indicated  and  detailed  analysis 
of  the  magnetii  inspection  records,  Figures  26  and  27,  and  the  magnetic 
particle  indications  confirmed  precise  spatial  correlation  between  several 
of  the  cracks  and  the  signatures  indicated  by  corresponding  letters  (D,  A, 

C,  B)  in  Figures  26,  27  and  28.  Magnetic  particle  indication  B is  rather 
faint  in  the  photograph,  however  when  viewed  with  low  magnification  under 
a stereo  microscope  the  indication  and  the  crack  were  apparent.  While 
it  is  rather  easy  to  detect  cracks  using  the  magnetic  particle  method  applied 
to  this  Ogive  region  cut  from  a complete  projectile,  it  should  be  obvious 
that  detection  of  these  cracks  by  a magnetic  particle  examination  of  the 
complete  projectile  would  be  somewhat  more  difficult.  By  contrast,  the 
magnetic  perturbation  signatures  of  Figures  26  and  27  are  so  prominent 
that  automatic  detection  using  simple  signature  analysis  equipment  would 
be  Very  reliable.  In  fact,  detection  of  smaller  cracks  would  also  be 
possible.  Furthermore,  it  would  not  only  be  possible  to  detect  the  crack, 
but  also  to  determine  t.he  approximate  size  using  computer-assisted  sig- 
nature analysis  procedures. 

During  visual  inspection  examination  of  the  interior  surfaces 
of  the  projectiles,  a large  depression-type  flaw  was  observed  on  the  interior 
surface  of  Specimen  No.  37  in  the  Ogive  region.  Since  this  was  such  a 
large  flaw,  it  was  anticipated  that  signatures  could  be  obtained  on  an 
exterior  scan  over  this  interior  flaw  region.  Figure  29  shows  the  two 
records  obtained  from  the  side-by-side  coils  during  an  external  circum- 
ferential flux  inspection.  The  signatures  are  very  prominent  and  extend 
for  approximately  1.3-in.  Also,  the  shape  is  somewhat  unusual,  indicating 
that  the  flaw  is  not  symmetric.  Furthermore,  the  peak  separation  is  more 
pronounced  than  was  the  case  for  the  previous  sectioning  results  and  this 
is  anticipated  since  the  flaw  is  approximately  5/16-in.  beneath  the  surfaci' 
inspected.  The  silicon  rubber  replica  of  the  flaw  indicates  approximate 
correspondence  between  the  total  length  of  the  flaw  and  the  region  over 
which  signatures  are  obtained. 

D.  Signal  Analysis  and  Imaging 

Because  of  the  extensive  equipment  design  and  fabrication 
required  to  adapt  existing  hardware  to  accommodate  both  circumferential 
and  axial  magnetization  with  inside  and  outside  scans,  plus  fixture  for 
limited  investigations  of  the  exterior  base  region,  it  was  possible  to  allo- 
cate only  limited  fund.s  for  signature  analysis  and  imaging  investigations. 
Nevertheless,  results  which  are  extremely  encouraging  were  achieved  and 
will  be  reviewed  briefly.  As  indicated  earlier,  data  were  recorded  on 
analog  magnetic  tape  during  inspections  of  each  projectile.  Records  from 
selected  specimens  were  used  for  signal  analysis  and  imaging  investigations. 
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FIGURE  28.  MAGNETIC  FAR  FICLE  INDICATIONS  ON  OGIVE  SECTION  OF 
SPECIMEN  NO,  3 (A,  B,  C,  and  D correspond  precisely  with 
signatures  A,  B,  C,  and  D of  Figures  26  and  27) 
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s'ETIC  SIC'.NATURE  AM)  REI^LK:A  OF  INTERNAL  DEFECT 
IMEN  NO.  n.  LOT  2-  14 


The  images  were  developed  by  use  of  a black-and-white 
television  monitor  in  combination  with  an  image-memory -scan  conver- 
ter. This  instrumentation  system,  known  as  "Lithicon",  forms  the 
basis  for  an  image  storage  system  in  which  values  of  an  applied  intensity 
signal  can  be  directly  stored  in  an  X-Y  matrix.  The  process  is  similar 
to  the  conversion  of  a visual  image  to  a charge  pattern  in  a television 
camera  tube  (Vidicon).  Since  the  Lithicon  is  not  a direct  viewing  tube, 
the  stored  charge  pattern  in  "read  out"  by  addressing  locations  on  the 
target  with  an  electron  beam  and  using  the  generated  signal  as  an  input 
to  a television  monitor.  By  appropriate  control  of  the  beam  the  device 
can  store  amplitude  signal  variations  in  intensity  or  grey-scale  variation, 
with  a quality  equivalent  to  high- resolution  black-and-white  photography. 
Once  stored,  the  image  can  be  retained  for  long  period  of  time  (hours  to 
weeks)  and  the  intensity  variations  can  be  nonde structively  read  out  re- 
peatedly for  image  construction. 

For  these  investigations  the  records  from  one  probe  coil 
which  sensed  the  normal  (Y)  component  of  circumferentially  oriented 
flux  was  acquired  during  a circumferential  scan.  Figure  16,  page  23, 
illustrates  the  sequence  and  the  Visicorder  record  shows  the  conven- 
tional presentation  of  time-serial  data  acquired  as  a probe  is  scanned 
over  the  target  flaws  in  the  reference  specimen.  Figure  30  shows  the 
more  effective  presentation  of  these  data  as  a direct  image  using  a C-scan 
format.  In  this  format,  the  di splay -device  beam  position  represents  the 
probe  location  on  the  surface  of  the  projectile  and  signal  amplitude  varia- 
tions from  the  probe  are  represented  by  a grey-scale  variation  ranging 
from  black  (maximum  amplitude)  to  white  (minimum  amplitude).  An 
image  of  the  complete  projectile  inspection  is  shown  and  consists  of  154 
scans  at  0.  1 -in.  spacing.  Both  simulated  and  actual  flaws  are  shown  in 
this  image  as  dark  areas.  The  simulated  flaws  are  indicated  in  Figure  30a 
by  the  outline  and  Figure  30b  shows  an  expanded  area  to  display  these  flaws 
more  clearly.  For  comparison,  a schematic  of  the  target  flaws  is  also 
shown.  Missing  flaws  on  the  image  are  a result  of  the  flaw  orientation 
relative  to  the  applied  magnetic  field  direction,  flaw  size,  sensor  probe 
resolution  and  signal  analysis  parameters.  While  only  signals  from  one 
of  the  two  probes  in  the  magnetic  perturbation  sensor  array  were  used  to 
develop  the  images  shown  in  Figure  30,  circuitry  was  breadboarded  to 
give  an  image  developed  from  the  combination  of  both  probes;  however, 
a failure  in  the  reproduce  electronics  of  the  tape  recorder  prevented  dis- 
play of  combined  images.  Even  though  the  illustration  shows  only  half 
of  the  resolution  possible  in  the  displayed  image,  the  result  in  the  C-scan 
format  is  obviously  an  effective  display  of  inspection  results, 

A similar  image  display  obtained  from  the  magnetic  recordings 
acquired  during  inspection  of  Specimen  No.  3 along  with  the  magnetic  par- 
ticle indications  of  this  specimen  are  shown  in  Figure  31.  The  excellent 
correspondence  between  cracks  B,  C,  and  D is  apparent. 
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Direct  Image  - Full  Scan  of  Projectile  Casing 
Interior  with  Circumferential  Magnetization 
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c.  Defect  Schedule  of 
Simulated  Flaws 


b.  Expanded  Image  of 
Simulated  Flaws 


FIGURE  30.  DIRECT  IMAGING  OF  A MAGNETIC  FIELD  PERTURBATION 
INSPECTION 
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As  indicated  earlier,  only  a limited  signal  analysis  and 
imaging  display  investigation  was  possible.  However,  with  additional 
effort  it  would  be  possible  to  image  flaws  in  their  respective  locations 
in  a plan  dimension  as  well  as  through  the  thickness  to  indicate  approxi- 
mate location  in  the  projectile  wall.  In  addition,  by  setting  different 
threshold  lev<'ls  it  would  be  possible  to  Select  the  minimum  size  flaw 
desirable  for  display.  Although  considerable  effort  will  be  required  it 
would  also  be  possible  to  reconstruct  a three-dimensional  image  of  the 
magnetic  signatures  thi*reby  providing  a basis  for  readily  differentiating 
betwi'en  cracks  and  stringe  r -type  inclusions  based  upon  the  cha  racteristic 
sliapes  associated  with  these  two  different  type  flaws. 
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V. 


DISCUSSION 


Considerable  di'sign,  fabrication,  assembly  and  operational  checkout 
was  required  ol  elements  to  permit  adaptation  of  existing  equipment  for 
ci  rcumfe  ri-nt  ial  and  axial  inspection  of  the  body  and  circumferential  inspic- 
tion  of  the  base  of  the  155mm  projectile.  The  bench-type  apparatus 
performi'd  satisfactorily  at  rotational  speeds  of  approximately  190  rpm 
and  axial  traverse  of  19-in.  /min. 

Signatures  obtained  from  the  target  flaws  machined  in  the  reference 
specimen  indicated  excellent  sensitivity  with  circumferential  flux  orientation 
for  flaws  with  the  major  dimension  oriented,  axially,  along  the  projectile 
axis.  For  flaws  with  an  orientation  at  45°  to  this  axis,  the  signature  ampli- 
tude is  reduced  by  a factor  of  approximately  4 and  the  peak  separations  are 
exaggerated.  Even  for  flaws  oriented  at  90°  to  this  axial  direction  signa- 
tures are  still  obtained  provided  the  flaw  has  significant  cross-sectional 
area  normal  to  the  flux;  for  such  circumferentially  extended  flaws,  the 
amplitude  is  reduced  by  a factor  of  approximately  10  and  again,  the  peak 
separations  are  markedly  exaggerated.  For  a greatly  extended  flaw 
oriented  at  90°,  signals  would  be  obtained  only  at  the  two  ends.  It  was 
possible'  to  produce  a relatively  high  flux  density  with  the  magnetic  circuit 
arrangement  designed  for  circumferentially  oriented  flux.  Accordingly, 
signature  amplitudes  from  target  flaws  were  large  enough  that  electronic 
system  noise  was  not  a factor  in  determining  signal-to-noise  ratio  and 
only  the  reproducible  magnetic  background  signatures  from  the  projectile 
was  considered  the  limiting  noise  factor. 

For  flaws  with  the  major  dimension  in  the  circumferential  direction, 
the  analysis  indicates  that  flux  oriented  along  the  axial  direction  would  pro- 
duce the  best  signal-to-noise  ratio.  Results  from  the  target  flaws  in  the 
reference  specimen  confirmed  these  analyses.  However,  the  signature 
amplitude  obtained  from  the  target  flaws  was  significantly  less  than  in  the 
case  for  the  circumferentially  oriented  flux.  The  primary  reason  for  this 
was  the  fact  that  even  though  a large  magnetizing  coil  was  used,  which 
produced  525  oersteds  on  the  coil  axis,  the  short  length  of  the  projectile 
compared  to  the  cross-sectional  area  resulted  in  a large  demagnetizing 
factor  at  the  ends  of  the  projectile.  Flux  density  in  the  projectile  wall 
could  be  increased  by  using  a magnetic  yoke  oriented  along  the  projectile 
axis  to  concentrate  the  flux  in  this  region.  However,  as  the  ends  of  the 
projectile  are  approached  the  flux  density  would  decrease  drastically  and 
the  orientation  of  the  flux  would  also  change.  Use  of  magnetic  cylinders 
with  an  axis  along  the  axis  of  the  projectile  at  either  end  of  the  projectile 
could  be  used  to  extend  the  magnetic  circuit  thereby  decreasing  the  de- 
magnetizing factor  and  increasing  the  flux  density. 
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During  tho  investigations  on  this  program  where  axial  magnetization 
was  used,  the  projectile  was  magnetically  lengthened  by  using  an  iron  cy- 
clinder,  J-in.  in  diamete  r with  a 0.  7 5 -in.  wall  and  iZ-in.  long  (see 
Figure  13).  For  the  base  end  of  the  projectile  the  rocket  motor  body  was 
utilized  to  (>xtend  th<>  magnetic  flux  path  (see  Figures  11  and  12).  If  in- 
vestigations and/or  analyses  have  indicated  that  circumferentially  oriented 
flaws  are  a problem  then  axial  flux  magnetization  should  be  incorporated 
in  prototype  and  production  equipment.  No  signatures  indicative  of  signi- 
ficant flaws  oriented  in  the  circumferential  direction  were  obtained  during 
the  investigations  conducted  on  this  program. 

The  experimental  arrangement  for  inspecting  the  base  region  on 
the  outside  surface  as  shown  in  Figure  14  was  intended  to  examine  this 
region  using  a spiral  scan  as  the  probe  is  advanced  from  the  outer  peri- 
phery near  one  pole  piece  toward  the  center  of  the  projectile.  Because 
of  a large  magnetic  gradient  encountered  by  the  probe  as  the  base  was 
scanned  from  one  pole  piece  toward  the  other,  signatures  from  test  flaws 
could  not  be  resolved  with  this  probing  arrangement.  It  is  reasonable 
to  anticipate  that  flaws  oriented  in  the  axial  and/or  radial  direction  of  the 
base  ( ould  readily  be  resolved  by  an  a r rangement  producing  circumferential 
flux  and  by  locating  the  probe  at  a fixed  location  mid-way  between  the  two 
pole  pieces.  A scan  of  this  region  could  be  obtained  by  rotating  the  pro- 
jectile and  slowly  advancing  the  probe  toward  the  center  of  the  base.  It 
is  anticipated  that  the  gradient  change  would  not  bo  nearly  as  rapid  and, 
as  long  as  the  scan  speed  is  relatively  low  it  would  be  possible  to  elec- 
tronically filter  the  gradient  signal  and  pass  the  higher  frequency  component 
associated  with  flaw  signatures.  It  was  not  possible  within  the  funding 
available  to  conduct  such  experiment;  however,  this  arrangement  is  similar 
to  an  arrangement  used  successfully  on  a previous  program  for  the  exa- 
mination of  thrust  washers  of  a propeller  blade  assembly.  No  probing 
arrangement  was  attempted  for  the  interior  base  region;  however,  with 
modifications  the  internal  probe  could  be  used  to  examine  more  of  the 
radius  section  than  was  actually  accomplished  during  this  investigation. 

No  attempt  was  made  to  examine  the  thread  relief  region  at  the  base 
of  the  projectile  and  examination  of  this  region  would  have  been  impossible 
with  the  base  holding  fixture  that  was  used  for  the  investigations  on  this 
program.  With  a suitable  design  it  would  be  possible  to  examine  this 
region  for  inclusions,  cracks,  and  other  type  flaws.  Since  this  has  been 
indicated  as  one  of  the  critical  region  in  Ref.  1,  it  may  be  appropriate 
to  consider  incorporation  of  this  inspection  in  prototype  designs. 

An  overall  appraisal  of  results  obtained  on  this  prograrri  in  con- 
junction with  extensive  results  obtained  on  other  programs  during  experi- 
mental investigations,  equipment  designs,  and  extended  operational  service 


provido  a stronjj  foundation  for  procoeding  with  oquipmont  design.  Specific 
equipment  examples  include  magnetic  perturbation  equipment  for  CH46 
rotor  blade  spar  inspection  (Ref.  Z)  which  has  been  in  service  at  overhaul 
depots  since  1967.  A more  recent  example  incorporating  more  advanced 
electronic  logic  for  signature  analysis  is  the  CIBLE  equipment  (Ref.  3) 
designed  for  inspecting  ball  and  roller  bearing  components;  systems  have 
been  delivered  to  the  Army,  installed  at  CCAD,  and  to  the  Air  Force, 
installed  at  Tinker  AFB.  Essentially  no  new  technology  is  required  to 
accommodate  the  method  to  the  routine  high-speed  inspection  of  artillery 
projectile  s. 

The  signature  analysis  and  imaging  investigations  were  very  en- 
couraging and  with  a more  comprehensive  effort  could  provide  the  electronic 
logic  and  associated  elements  for  analyzing  signatures,  categorizing  results, 
and  assessing  these  results  against  an  accept/ reject  criteria  and  automati- 
cally categorizing  projectiles  as  acceptable,  reject,  and  questionable  or 
possibly  rework.  The  image  display  methods  could  provide  a video  display 
of  the  results  which  could  be  photographed  to  provide  a time -serial  record 
of  each  projectile  inspected  and  could  also  provide  a compact,  high-density 
information,  permanent  record  on  microfilm.  The  video  display  could  also 
be  effective  m maintaining  operator  interest,  provide  a method  of  super- 
visory checks,  would  be  useful  for  training  purposes  and  also  for  displays. 

Most  inspections  were  obtained  at  a rotational  speed  of  approxi- 
mately 190  rpm.  With  suitably  designed  equipment  it  is  reasonable  to 
anticipate  that  rotational  speeds  as  high  as  approximately  400  rpm  could 
be  satisfactorily  aciiieved.  Time  to  inspect  a projectile  is  a combination 
of  probe  size  (width  of  inspection  track  per  probe),  helix  angle,  rotational 
speed,  and  projectile  surface  length.  Assuming  two  probe  channels  each 
on  the  exterior  and  interior  surfaces  for  simultaneously  measuring  the 
circumferential  component  normal  to  the  projectile  surface,  a probe 
advance  of  approximately  0.1  -in.  per  revolution  and  a rotational  speed 
of  200  rpm,  the  interior  and  exterior  surfaces  could  be  inspected  in 
approximately  0.9  minutes  (54  seconds).  From  these  calculations  it  is 
apparent  that  a relatively  high-speed  inspection  can  be  accomplished. 
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VI. 


CONCEPTUAL  DESIGN 


A preliminary  conceptual  design  of  an  inspection  system  for  the  ar- 
tillery projectile  incorporating  the  magnetic  perturbation  method  is  shown 
in  the  ski'tch  of  Figure  Briefly,  the  system  consists  of  elements  to 

accommodate  simultaneous  inspection  of  the  interior  and  exterior  Bourellet 
and  Ogive  surfaces  of  two  projectiles.  Inspc'ction  would  be  accomplished 
with  the  projectiles  oriented  Vertically  and  rotated  by  chucks  clamping 
the  base.  Circumferential  magnetization  would  be  provided  by  a single 
magnetic  circuit  with  four  pole  pieces.  This  arrangement  would  result 
in  balanced  magnetic  forces  on  the  machine,  minimize  the  inspection 
time,  and  offer  other  advantages  with  only  slight  increase  in  complexity. 

The  base  of  this  equipment  would  contain  a drive  mechanism  for 
projectile  rotation,  rapid  traverse  mechanism  for  probe  positioning  and 
retraction,  gearing  for  predictable  scanning  motion,  shaft  position  encoder 
and  safety  interlocks.  The  two  lead  screw  columns  provide  support  and 
traverse  capabilities  to  the  magnetic  circuit  and  interior  and  exterior  probe 
mechanisms.  The  projectile  shaped  cam  would  mechanically  control  pole 
piece  location  as  the  vertical  traverse  is  made.  Alternatively,  numeri- 
cally controlled  drives  for  the  pole  pieces  could  be  incorporated;  this 
approach,  while  initially  more  expensive,  would  simplify  changeover  to 
other  projectile  configurations.  The  electronic  console,  in  the  background, 
contains  the  video  display,  tape  recorder,  electronic  signal  analysis  and 
logic  circuits,  and  the  necessary  functional  controls. 

It  should  be  pointed  out  that  it  has  been  assumed  in  the  foregoing 
that  an  operator  interface  has  been  provided.  We  believe  this  to  be 
necessary,  at  least  during  the  early  stages  of  use,  in  order  to  develop 
confidence  in  the  procedure  and  to  aid  in  developing  a statistical  base  for 
accept / reject  criteria,  which  at  a later  date  could  eliminate  the  need  for 
operator  interpretation  and  control. 

A description  of  a typical  operational  sequence  follows.  The  pro- 
jectile would  be  loaded  into  the  inspection  station,  either  manually,  by 
crane,  or  perhaps  automatically  in  a vertical  position.  During  this  loading 
operation  the  probe  assemblies  would  be  withdrawn  to  a protected  position. 
The  operator,  in  a control  and  instrumentation  booth,  would  then  actuate 
the  "start  inspection"  sequence.  This  would  clamp  the  projectile,  advance 
the  probes  to  the  inspection  position,  control  the  magnetizing  circuit, 
initiate  the  scanning  mechanism,  retract  the  probes  after  completion  of 
scan  and  shut  the  system  down,  ready  for  reloading.  During  the  inspection 
scan  the  operator  would  have  displayed,  in  real-time,  the  results  of  the 
inspection  on  a video  display  device.  Signal  analysis  equipment  coupled 
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FIGURE  32.  CONCEPTUAL  INSPECTION  DEVICE  FOR 
PROJECTILES 


to  the  display  device-  would  have  been  pre-set  to  display  only  significant 
defect  signatures.  If  no  defect  signatures  occur,  the  operator  presses 
the  accept  button.  If  defect  signatures  occur,  upon  pressing  the  reject 
button  the  information  would  be  transferred  to  magnetic  tape  from  the 
display  device  memory  for  further  study  and  the  inspection  head  reset 
for  the  next  \n.spection.  The  accept/ reject  criteria  could  be  applied 
automatically  with  appropriate  electronic  logic  after  a data  base  is  esta- 
blished. Figure  33  indicates  the  inspection  limits. 

In  the  proceeding  it  has  been  assumed  that  flaws  of  interest  in 
the  Bourellet  and  Ogive  regions  are  oriented  essentially  along  the  pro- 
jectile axis.  Should  it  become  necessary  to  detect  flaws  oriented 
essentially  circumferentially,  a separate  fixture  with  an  encircling 
coil  and  magnetic  extensions  at  the  base  and  "nose"  of  the  projectile 
would  probably  be  the  most  effective  approach. 
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PRACTICAL  SCAN'  LIMITS  FOR  CONCEPTUAL  DESIGN 


VII.  CONCLUSIONS  AND  RECOMMENDATIONS 


A . Summary  of  Results 

During  tho  course  of  this  investigation  a total  of  ten  (10) 
specimen  projectiles  were  inspected  using  magnetic  perturbation  methods. 
Defect  signatures  obtained  from  these  inspections  were  compared  with 
signatures  obtained  from  a reference  specimen  in  which  artificial  defects 
had  been  machined.  Sizes  of  these  artificial  defects  were  chosen  to  bracket 
the  target  flaw  size  of  0.050-in.  long  by  0.015-in.  deep.  Examination  of 
inspection  results  showed  significant  flaw  signatures  in  all  ten  (10)  specimens 
examined.  Subsequent  metallog raphic  sectioning  at  six  (6)  locations  on 
three  separate  specimens,  and  replication  on  a fourth  specimen  showed 
excellent  correlation  as  to  size,  location,  and  extent  of  flaw  signatures 
from  these  specimens.  Types  of  flaws  observed  during  sectioning  were 
cracks  and  stringer-type  inclusions  oriented  axially  along  the  specimens 
examined. 

E.  Conclusions 

1.  The  magnetic  perturbation  method  can  be  incorporated 
into  equipment  that  can  provide  a reproducible,  high  sensitivity,  high- 
speed, automatic  nondestructive  inspection  of  critical  regions  in  the  artil- 
lery projectile. 

2.  Correlation  investigations  of  seven  signature  sequences 
from  four  individual  specimens,  in  each  instance,  disclosed  flaws  of  target 
size  or  greater;  three  axially  oriented  cracks  extending  radially  on  the 
interior  Ogive  region  of  one  specimen;  two  axially  oriented  subsurface 
stringer -type  inclusions  on  the  exterior  Bourellet  region  of  two  of  the 
specimens;  one  axially  oriented  subsurface  stringe r -type  inclusion  on 

the  exterior  Ogive  region  of  one  of  the  specimens;  and  a large  depression- 
type  flaw  axially  oriented  on  the  inside  surface  of  the  Ogive  region  in  the 
fourth  specimen. 

3.  From  analyses  of  the  sectioning  results,  in  particular 
Location  A of  Specimen  3,  in  conjunction  with  the  significant  S/N  ratio  of 
the  signature  from  "target"  Flaw  1 (0.03-in.  long  by  0.005-in.  wide  by 

0.  005-in.  deep),  it  is  anticipated  that  a flaw  0.  05-in.  long  by  0.  015-in. 
deep  can  be  detected. 

C.  Recommendations 

1.  It  is  recommended  that  a prototype  system  incorporating 
the  magnetic  perturbation  method  be  designed,  fabricated,  and  evaluated  for 
performing  a high-speed  inspection  of  artillery  projectiles.  Such  specially 
designed  equipment  would  require  a significant  investment  of  funds  and  would 
require  a period  of  12  to  18  months  for  development. 
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2.  After  operational  checkout  a large  number  of  projectiles 
should  be  inspected  and  comprehensive  analyses  and  correlation  investi- 
gations conducted  to  establish  a quantitative  basis  for  an  "accept /reject / 
other"  disposition  criteria. 
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